Mutation, recombination, and duplication are key events that generate variability and thereby facilitate evolution. DNA duplications occur at various levels including entire chromosome, part of a chromosome, entire gene, or DNA segments of few to hundreds of bases~Heringa, 1998!. Among various DNA duplication events, simple sequence repeats have been found to be abundant in eukaryotic genomes and are thought to be a major source of quantitative genetic variation~Kashi et al., 1997!. Simple sequence repeats originate from unequal crossing-over or replication errors resulting from formation of unusual DNA secondary structures such as hairpins or slipped strands~Pearson & Sinden, 1998!. The resulting repeats that happen to be in the coding region may be translated into single amino acid repeats or tandem oligo-peptide repeats and can eventually dictate protein structure and function.
Analysis of sequence databases has shown that single amino acid repeats are not rare in proteins and hydrophilic amino acids, particularly glutamine, account for a large proportion of single amino acid repeats~Green & Wang, 1994!. Similarly, tandem oligopeptide repeats of varying length and sequence have also been observed in several proteins~Doolittle, 1989!. A recent protein database survey estimates that about 14% of all proteins contain significant internal repeats, with comparatively more abundance of repeats in eukaryotic proteins than in prokaryotic proteins~Mar-cotte et al., 1999!.
To present an overall picture of amino acid repeat patterns, we systematically scanned all the proteins from SWISS-PROT database~Bairoch & Apweiler, 1999! for occurrence of single amino acid repeats, tandem oligopeptide repeats, and periodically conserved amino acids. The observed repeat patterns were analyzed in relation to their implications on protein structure and function. Moreover, the results have been organized in the form of a database and have been made available through the Internet. It is hoped that this database will be of general interest to the research community and useful for further exploration.
Results and discussion
For our study, we selected SWISS-PROT database since it has minimal redundancy, rich annotations, and extensive links to other databases~Bairoch & Apweiler, 1999!. All the 80,000 proteins from the database were analyzed for tandem repeats using a simple sliding window technique with empirically determined mismatch levels and repeat cut-off units. Although such a method may not detect distant repeats, repeats falling beyond cut-off scores, or those containing insertions or deletions, it was possible to present an overall picture of repeat patterns observed in the database. Table 1 summarizes total number of proteins containing single amino acid repeats of various types, while representative proteins are described in Table 2 . Among the proteins containing 10 or more repetitions of single amino acid, glutamine, alanine, glycine, glutamic acid, and serine repeats were much more frequent than other amino acids. Interestingly, no protein in the database contained tryptophan consecutively repeated for five times or more.
Tandem repetitions of single amino acid
Similarly, very few repeats of cysteine, methionine, tyrosine, phenylalanine, isoleucine, and valine were detected, suggesting that long tandem repeats of highly hydrophobic amino acids are probably not favored in proteins. These data are in agreement with previous observations reported by Green and Wang~1994!. Of the proteins containing long tandem amino acid repeats n Ն 10!, more than one-third were transcription regulatory proteins with particularly more frequent polyglutamine or polyalanine repeats. Polyglutamine rich regions in transcription factors are possibly involved in modulation of transcription activatioñ Gerber et al., 1994 !. Synthetic polyglutamine peptides have been shown to form b-sheets and might function as polar zippers in protein-protein interaction~Perutz et al., 1994!. Polyglutamine repeats particularly encoded by CAG codons are found to be unstable, since~CAG! n :~CTG! n repeats can readily adopt unusual DNA structures leading to errors during replication, repair, or recombination~Pearson & Sinden, 1998!. Such dynamic polyglutamine repeat expansions in affected proteins have been shown to cause several neurodegenerative disorders~Perutz, 1999!. Similarly, expansion of polyalanine repeat in human homeo-box protein HOX-D13 has been associated with synpolydactyly, characterized by abnormality of hands and feet~Muragaki et al., 1996!. These observations point out severity of unstable single amino acid repeats and gain significance in biomedical research. Analysis of original SWISS-PROT entries of proteins containing tandem amino acid repeats~n Ն 10! indicates that single amino acid repeats have not been assigned clearly to any functional domains. In several cases, single amino acid repeats show length variations in the same protein across species and therefore probably they may not serve any function and may be only a mechanism for increasing the size of the protein~Green & Wang, 1994!, or they may simply act as spacers between the domains~Golding, 1999!. A few examples of single amino acid repeats detected in solved structures~Table 3! suggest that single amino acid repeats may adopt regular as well as nonregular structures and this could be largely influenced by their hydrophobicity0hydrophilicity and their context in the parent protein. The protein structures are intrinsically stable at domain level and show considerable flexibility in terms of sequence or length of short linker groups~Heringa & Taylor, 1997!. Therefore, it can be speculated that expansions of amino acid repeats, particularly hydrophilic amino acids, could be tolerated to a considerable extent if they occur in the linker regions and if they can be easily solvated on surface of the protein.
Tandem oligo-peptide repeats
Protein sequences were further scanned for tandem oligo-peptide repeats of length 2 to 20. Table 4 shows representative examples of proteins containing oligopeptide repeats of various types. Among the proteins containing long polypeptide repeats, the antigenic proteins from protozoan parasites Plasmodium and Trypanosoma showed a wide range of amino acid repeats. The repetitive domains in these proteins have been suggested to act as immunomodulators Buscaglia et al., 1999 !. Structural proteins represent another class of proteins containing long oligopeptide repeats. The proline rich plant cell wall structural proteins of Medicago and soybean have extensively repeated deca-peptides PPVYKPPVEK. The skin epidermal keratinocyte proteins, involucrins, loricrins, repetins, and small proline-rich proteins~cornifins! also contain oligopeptide repeats of various types. The neurofilament triplet-H proteins of mammalian neuronal axons have tandem hexa-peptide, EAKSPA, repeats where serines are the sites of extensive phosphorylation HHHHT ************* ***
1A8Y
350 EINTE DDDDEDDDDDDDD -(C-Terminal) ***** ************* 367 1FT1:A 17 GQPEQ PPPPPPPPP AQQPQ ***** ********* *****
1BN5
93 DGATG KKKKKKKKK RGPKV ***** ********* ***** 148 a Repeat length Ն 10 with a maximum of one mismatch in 10 residues. b Secondary structure information was obtained from Protein Data Bank web-site http:00www.rcsb.org0pdb; PDB-secondary structure element codes are: H-alpha helix~4-helix!; E-extended strand, participates in beta ladder; G-310 helix~3-helix!; T-hydrogen bonded turn; S-bend; * no regular secondary structure.
and cross-linking~Julien & Mushynski, 1998!. Other examples of structural proteins containing significant oligopeptide repeats include keratins, trichohyalins, tropoelastins, silk moth fibroins, drosophila salivary glue proteins, yeast cell wall proteins, epithelial mucins, and cartilage specific aggrecan core proteins.
A classic example of protein containing evolutionarily conserved oligopeptide repeats is the largest subunit of RNA-polymerase-II.
The carboxy-terminal domain~CTD! of this protein consists of heptapeptide, YSPTSPS, tandemly repeated ;6 to 47 times across a wide range of organisms including human, drosophila, yeast, and Arabidopsis. The CTD seems to play important role during transcription activation and also functions as a platform for assembly of multiprotein complexes that hold, splice, and polyadenylate premRNA as it emerges from polymerase~Corden & Patturajan, 1997!. Internal duplications in proteins may be grouped in three categories. In the first case, each of the duplicated domains is structurally and functionally independent unit~e.g., zinc-finger domain, homeo domain! and possibly originates from entire exon duplication~Groves & Barford, 1999!. The second category duplications are repeats of ;20 to 40 residues each of which form structurally distinct unit~e.g., leucine rich repeats, tetratricopeptide repeats!, but may not function in isolation~Groves & Barford, 1999!. The third class of internal repeats could be tandem repeats of single amino acids or short oligopeptides. Here, the repeating units are small and are unlikely to form independent structural units. Rather short oligopeptide repeating units may promote regular structures when several units appear in succession. For example, crystal structure study demonstrated that tandem imperfect hexa-peptide repeats in UDP-N-acetylglucosamine acetyltranseferase formed left-handed parallel b-helix~Raetz & Roderick, 1995; PDB-ID: 1LXA!. Each hexa-peptide unit formed parallel b-strand that resembled a side of an equilateral triangle, which in turn stacked one above the another to form a structure similar to equilateral prism. Bateman et al.~1998! have proposed that similar b-helix structures could be formed by tandem penta-peptide repeats, @A~D0N!LXX# n , observed in some bacterial proteins. The structural models for bacterial ice-nucleation proteins predict that the consecutive octapeptide repeat units in ice-nucleation proteins can form parallelantiparallel b-strands that assemble in 48 residue rectangular units Kajava & Lindow, 1993 ; PDB-ID: 1INA!. Such rectangular planes present hydrogen bond donors and acceptors in a manner analogous to ice crystal plane and can thus promote ice nucleation.
Periodic conservation of amino acids
During the course of evolution, tandem oligo-peptide repeats might have undergone substitutions leaving behind only functionally or structurally important amino acids unchanged. Therefore, to detect ancient repeat patterns, protein sequences were scanned for amino acids conserved periodically at every second, third, fourth, fifth, sixth, seventh, eighth, ninth, or tenth position. From this analysis, several periodic patterns emerged that could not be detected earlier by searching for tandem oligo-peptide repeats. Table 5 shows some of the interesting patterns revealed from this study. One of the most striking periodic behaviors has been shown by glycines repeated at every third position in collagen proteins. The collagenic triplet repeats~GXY! n have been also detected in several globular proteins including collagenic tail peptide of acetylcholine esterase, macrophage scavenger receptor, human complement subcomponent C1q, and mammalian c-type lectins.
Periodic conservation of amino acids may be useful in structural packing of two or more polypeptide chains of the same or different proteins. For example, glycine at every third position is essential for triple helix formation~Brodsky, 1990!. In case of leucine zippers, the leucines conserved at every seventh position fall on a straight line along a side of helix and can zip together with a similar motif of another polypeptide~Landschulz et al., 1988!. The alternately placed glutamines on two b-sheets can sterically fit and exchange hydrogen bonds to form polar zippers~Perutz et al., 1994!. Periodically placed amino acid side chains can also facilitate one to one interactions with target atoms showing similar 
Tandem repeats in protein sequences
periodicity. One such example is found in type-I antifreeze protein of winter flounder that contains three T~X! 2~D 0N!~X! 7 repeats. The regularly placed threonine and aspartate0asparagine on this a-helical protein hydrogen bond with equivalently placed oxygen atoms along^0112& axis of $2021% ice planes and prevent ice crystal growth~Sicheri & Yang, 1995; PDB-ID: 1WFA!.
Conclusions
Our study provides a comprehensive picture of repeat patterns observed in protein sequences. Although internal repeats have been detected in several proteins and their importance demonstrated in some cases, not much information is available about their exact role in protein structure and function. One advantage of these periodic patterns is that they juxtapose similar functional groups in space and thereby facilitate zipper-like interactions with target molecules. This provides a different perspective for prediction of structural models and design of novel proteins. We hope that the extent of repeat patterns as revealed from our database will be useful for further analysis of internal repeats with respect to their origin, evolution, and their implications on protein structure and function. We expect many more interesting patterns emerge when this study will be further extended using amino acid similarity matrices in addition to identity matches.
Materials and methods
All the protein sequences from the SWISS-PROT database~Re-lease 38, of July 1999! were downloaded in FASTA format by ftp from the URL: ftp:00expasy.ch and analyzed for various repeat patterns using computer programs written in "C" programming language. The output files were generated in HTML format with hyperlinks to original SWISS-PROT entries. For detection of internal repeats in protein sequences, techniques like Fourier analysis~McLachlan, 1993! or modifications of dynamic programming algorithm~Heringa & Argos, 1993; Coward & Drablos, 1998; Pellegrini et al., 1999 ! were applied. These algorithms simultaneously report repeat patterns of varying types occurring in a given sequence. Since we were interested to scan complete protein database for tandem repeats of defined unit lengths and periodicity, we used a simple sliding window method. This allowed us to selectively search for repeats of defined lengths and classify them systematically. A brief description of the algorithm is outlined here.
Tandem single amino acid repeats
Consider a protein sequence of length "s" as a string, a 1 a 2 a 3 a 4 a 5 . . . a s , where a i is amino acid residue at position i on the sequence space. To detect tandem single amino acid repeat of a minimum length n, starting at position i, we compare amino acid a i with each of the subsequent residues a iϩ1 , a iϩ2 , a iϩ3 , . . . , a iϩnϪ1 . If all of them match, a repeat is detected and further extended as long as a iϩnϪ1ϩj~w here j ϭ 1, 2, . . . ! matches with a i . All the protein sequences were searched for tandem single amino acid repeats of length Ն5, Ն10, or Ն15 without allowing mismatch and for repeats of length Ն20 by allowing a maximum of one mismatch in 10 residues.
Tandem oligopeptide repeats
Consider an oligopeptide of size k as a window a i a iϩ1 . . . a iϩkϪ1 , on a protein sequence. This window is compared with subsequent windows starting at positions, a iϩk , a iϩ2k , a iϩ3k , . . . , a iϩ~nϪ1! k . An oligopeptide repeat is identified and further extended if a minimum n number of windows match with each other allowing a certain degree of mismatch~10% for 2-10 mers, 15% for 11-15 mers, and 20% for 16-20 mers!.
Periodic conservation of single amino acids
The proteins were scanned for periodic conservation of single amino acids essentially using the same algorithm as used for detection of single amino acid repeats, except that a i is compared  with a iϩp , a iϩ2p , a iϩ3p , a iϩ4p . . . a iϩ~nϪ1!p where p is period of 2 to 10.
Database availability
The results of this analysis have been compiled in the form of a database and are made available at URL: http:00www.ncl-india.org0 trips. The TRIPS database is organized in three major sections describing single amino acid repeats, tandem oligo-peptide repeats, and periodically conserved amino acids. Each protein entry describes SWISS-PROT accession number, protein name, sequence length, type and length of repeat, position of repeat in the sequence and actual repeat pattern. Hyperlink is provided to original entry in the SWISS-PROT database, and thereby further information about the protein sequence, domain structure, function, and relevant literature can be easily searched.
